In today's business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the similarity between product families by providing design support to both, production system planners and product designers. An illustrative example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach.
Introduction
Due to the fast development in the domain of communication and an ongoing trend of digitization and digitalization, manufacturing enterprises are facing important challenges in today's market environments: a continuing tendency towards reduction of product development times and shortened product lifecycles. In addition, there is an increasing demand of customization, being at the same time in a global competition with competitors all over the world. This trend, which is inducing the development from macro to micro markets, results in diminished lot sizes due to augmenting product varieties (high-volume to low-volume production) [1] . To cope with this augmenting variety as well as to be able to identify possible optimization potentials in the existing production system, it is important to have a precise knowledge of the product range and characteristics manufactured and/or assembled in this system. In this context, the main challenge in modelling and analysis is now not only to cope with single products, a limited product range or existing product families, but also to be able to analyze and to compare products to define new product families. It can be observed that classical existing product families are regrouped in function of clients or features. However, assembly oriented product families are hardly to find.
On the product family level, products differ mainly in two main characteristics: (i) the number of components and (ii) the type of components (e.g. mechanical, electrical, electronical).
Classical methodologies considering mainly single products or solitary, already existing product families analyze the product structure on a physical level (components level) which causes difficulties regarding an efficient definition and comparison of different product families. Addressing this 
The novel nickel-based superalloy, AD730™, is a good material candidate for gas turbine components which operate under high stresses and high temperatures, such as turbine discs. The alloy, produced by the conventional cast/wrought route, combines low manufacturing cost, high tensile strength, good fatigue and creep resistance with the capability to work above 700 ℃, even up to 750 ℃ [1] . Compared with Inconel 718, which is one of the most widely-used nickel-based superalloys nowadays in gas turbines, AD730™ exhibits an enhanced thermal stability, owing to the γ/γ' microstructure.
A more flexible and sustainable way of power generation is being created today by using e.g., wind power, solar power, and nuclear power. The risk of fatigue failure increases in modern gas turbines as a consequence of the increased number of start and stop cycles. It requires higher fatigue resistance for turbine components, especially for those large rotating parts like compressors and turbine discs. It has been long recognized that fatigue cracks are preferably initiated at a surface as the surface is normally subjected to the highest loads and exposed to the environment. Thus, fatigue properties are highly reliant on the surface integrity/quality produced by machining or other surface generation processes [2] . 
Abstract
A higher gas turbine efficiency can be achieved by increasing the operating temperature in hot sections. AD730™ is a recently-developed wrought/cast nickel-based superalloy which can maintain excellent mechanical properties above 700 ℃. However, machining of AD730™ could be a difficult task like other nickel-based superalloys. Therefore, studies are needed with respect to the machinability of this new alloy. In this paper, high-speed turning was performed on AD730™ using polycrystalline cubic boron nitride (PCBN) tools and coated tungsten carbide (WC) tools at varied cutting speeds. The surface integrity was assessed in two important aspects, i.e., surface and sub-surface plastic deformation and residual stresses. The PCBN tools generally showed better performance compared with the WC tools since it led to reduced machining time without largely compromising the surface integrity achieved. The optimal cutting speed was identified in the range of 200-250 m/min when using the PCBN tools, which gives rise to a good combination of machining efficiency and surface integrity. The further increase of the cutting speed to 300 m/min resulted in severe and deep plastic deformation. Meanwhile, a continuous white layer was formed at the machined surface. When turning with the WC tools, the increased cutting speed from 80 m/min to 100 m/min showed very little effect with respect to the plastic deformation on the machined surface. It was found that tensile residual stresses were developed on all machined surfaces no matter when the PCBN or WC tools were used, and the surface tension was generally increased with increasing cutting speed. The tensile layer might need to be modified by e.g., post-machining surface treatments such as shot peening, if taking good fatigue performance into consideration.
Introduction
A more flexible and sustainable way of power generation is being created today by using e.g., wind power, solar power, and nuclear power. The risk of fatigue failure increases in modern gas turbines as a consequence of the increased number of start and stop cycles. It requires higher fatigue resistance for turbine components, especially for those large rotating parts like compressors and turbine discs. It has been long recognized that fatigue cracks are preferably initiated at a surface as the surface is normally subjected to the highest loads and exposed to the environment. Thus, fatigue properties are highly reliant on the surface integrity/quality produced by machining or other surface generation processes [2] .
Machining of nickel-based superalloys has always been difficult due to their high strength and low thermal conductivity [3] . In addition, most of the alloys contain large abrasive inter-metallic inclusions, such as carbides, in the microstructure, and have a high tendency to work hardening and high chemical affinity to many types of cutting tools. These also give rise to difficulties in machining operations.
The poor machinability often causes a short tool life and deteriorated surface integrity. Plenty of studies have been conducted to characterize the changes of surface integrity on machined nickel-based superalloys [4] . A major concern comes from the heavy plastic deformation of the surface and sub-surface material, which leads to a work-hardening effect and influences the mechanical behavior beneath the machined surface. In some cases, the giant plastic work along with great concentration of heat at the surface could even result in white layer formation [5] . When subjected to cyclic loads, there is a high tendency of crack initiation within the surface white layer, and the fatigue cracks were also found to propagate rapidly in this hard and brittle layer [6] . Machining-induced residual stresses are another one of the critical aspects for surface integrity assessment. The residual stresses on machined nickel-based superalloys are mostly in tension and gradually become compressive with increasing depth [7, 8] .
Compressive residual stresses, on the other hand, have also been observed in a few studies [9, 10] . The divergence of the results arises due to two competing mechanisms associated with thermally-induced and mechanically-induced plastic deformation, and their relative significance varies from one specific machining process to another. Although nickel-based superalloys are difficult-to-cut materials, the machined surface integrity still could be modified by using suitable cutting tools and optimal cutting conditions depending on the characteristics of the alloy to be machined.
The development of coatings and cutting tool materials has promoted high-speed machining and enhanced the machining productivity without a large compromise of the surface integrity and tolerance. When turning nickel-based superalloys using traditional cemented carbide (WC) tools, the cutting speed is normally restricted in the low-speed range of 10-30 m/min, while the use of coated WC tools makes it possible to machine the alloys at a cutting speed above 50 m/min [11] . Recent development of polycrystalline cubic born nitride (PCBN) tools further extends the cutting speed range to 200-300 m/min [12] . This is attributed to the advances of the PCBN tools with a lower abrasion and wear rate, higher hot hardness and strength, and better chemical resistance compared to the WC tools.
In the present study, the alloy AD730™ was machined by high-speed turning using both advanced PCBN tools and conventional WC tools for comparison. The surface integrity of the machined samples was subsequently characterized in terms of the machining-induced plastic deformation and residual stresses. The effect of cutting speed was addressed, whilst the performance of the two different cutting tools was also compared. The results obtained from the study, to some extent, revealed the machinability of this novel nickel-based superalloy and could be later used for a better tool selection and process optimization when machining AD730™ for hightemperature gas turbine applications.
Experimental work
A cylinder bar of AD730™ with a diameter of 75 mm and length of 500 mm was received from Aubert & Duval. The chemical composition is shown in Table 1 . The alloy was solution heat-treated at 1080 ℃ for 4 h/air cooling, and then aged at 730 ℃ for another 8 h/air cooling. The heat treatment produced a microstructure with fine grains, and it is comprised of a high-volume fraction of γ', as the main strengthening precipitates, in the γ matrix, see Fig. 1 . The 0.2% yield strength and ultimate strength of the aged alloy at room temperature are 1137 MPa and 1547 MPa respectively according to the tensile test results provided by the material supplier. A series of high-speed turning tests were conducted on the received cylinder bar, and two different types of cutting tools were used, i.e., WC inserts, CNMG120408-MF1 TH100, and PCBN inserts, SECOMAX™ CBN 170, with 65% cBN by volume, 2 µm grain size, TiCN binder, and reinforced by SiC whisker fibers. The PCBN inserts are manufactured with a honed cutting edge with an edge radius of 25 µm, while the WC inserts are coated and have the same edge radius of 25 µm. All inserts are in new conditions and mounted in the tool holder PCLNL2525M12 JETL, giving a rake angle of -6º and clearance angle of -6º. Four cutting speeds, V c = 150, 200, 250, 300 m/min were selected for the PCBN tools, covering a wide range which is generally equal to and larger than that recommended by the tool manufacturer. When turning with the WC tools, two cutting speeds, V c = 80 and 100 m/min, were tested. The turning operations were conducted on the SMT500 CNC turning center. The feed rate and depth of cut were kept constant at f= 0.2 mm/rev and a p = 0.25 mm, whilst coolant was included under normal pressure at 8 bars.
The microstructure beneath the machined surfaces was characterized on the polished cross-sections using the scanning electron microscope (SEM). Two microscopic techniques, electron channeling contrast imaging (ECCI) and electron backscatter diffraction (EBSD), were used to image the surface and sub-surface plastic deformation and quantify the depth of the deformed layer. The residual stresses were measured using X-ray diffraction on all machined surfaces in two in-plane directions, i.e., the cutting direction (CD) and feed direction (FD). Cr-Kα was chosen which gives an overlapping diffraction peak at 2θ~128° for the {220} family of lattice planes of the nickel-based γ matrix and γ' precipitates. Each residual stress measurement involved measurements of diffraction peaks at nine ψ tilts from +55° to -55°, and then the residual stress was calculated based on the "sin 2 ψ" method [13] with an X-ray elastic constant of 5.22×10 -6 MPa -1 . It should be noted that in the present study only the macro-residual stresses developed on the machined surfaces were estimated from the measurements. The microresidual stress within the γ and γ' phase is not separated since no peak deconvolution was conducted. In-depth residual stresses were measured on selected samples via material removal layer by layer using electrolytical polishing, and the correction of the depth profiles has been performed.
Results and discussion

ECCI characterizations
ECCI is a powerful technique by which the heavilydeformed microstructure beneath the machined surfaces was well captured, see Fig. 2 for example. In general, a high level of plastic deformation was induced, while the intensity was reduced with increasing depth. The microstructure in the surface layer (Zone A) was highly sheared and affected by the giant heat generated during high-speed turning. It is barely resolvable under SEM as it normally consists of numerous nano-grains. The microstructural refinement takes place at the surface in order to accommodate the great localized shear strains induced by machining [5] , and this layer is often referred to as 'white layer' in various studies.
The primary deformation zone (Zone B) was characterized by strong shearing and elongation of the grains, grain boundaries, and γ' precipitates towards the cutting direction. Depending on the cutting tool and speed applied, the deform layer extends to a depth, varied from 30 µm to 50 µm (Zone C), where one can see a large number of deformed grains with slip band structures. Eventually, the plastically-deformed microstructure runs out into the bulk material (Zone D) with increasing depth.
No micro-cracks were observed either in the surface white layer or beneath in the primary deformation zone despite the intensive plastic deformation induced. However, some surface carbides cannot survive the high plastic strains and became cracked during machining, see Fig. 3 . There is a high tendency of carbide cracking when machining certain nickelbased superalloys, such as Inconel 718 [4] . The cracked carbides at the machined surface provided multiple preferential sites for fatigue crack initiation, and therefore had a detrimental effect on the fatigue resistance. The effect of machining-induced carbide cracking on the performance of the alloy AD730™ when subjected to fatigue loads will be addressed in the future work. It could differ from the previous findings in the case of machined Inconel 718, considering the different type and reduced size of the carbides in AD73™. The cutting speed showed a strong influence on the surface and sub-surface deformation when turning with the PCBN tools, see Fig. 4 . Increasing the cutting speed increased the amount of plasticity induced in the major deformation zone and resulted in a stronger shearing feature of the microstructure. This is particularly the case when turning in the high-speed range at 250 m/min and above. With increasing cutting speed, the cutting temperature normally rises due to the higher strain rate, and therefore, the time for heat dissipation becomes shorter. The thermal softening and reduced strength of the alloy lead to intensive plastic deformation to take place. When the cutting speed approaches 300 m/min, despite the advanced properties of the tool material, the hardness and strength of the cutting tools is generally reduced due to the associated considerable increase in cutting temperature. It has been reported by Kitagawa et al. [14] that when turning Inconel 718 with ceramic tools a temperature of around 900 ºC was achieved even at the relatively low cutting speed of 30 m/min, while a temperature over 1300 ºC, comparable to the melting point of the alloy, was recorded as the cutting speed was increased to 300 m/min. As a consequence of the giant thermal impact and enhanced tool wear, the microstructure beneath the machined surface was heavily deformed when the high cutting speed of 300 m/min was applied. Moreover, a continuous white layer was formed at the surface which is undesirable if good fatigue properties are expected. In the other PCBN-machined samples, only some fragments with white layer appearance can be observed in the surface regions. When turning with the WC tools, rather similar microstructure was identified beneath the machined surface as the cutting speed was increased from 80 m/min to 100 m/min, see Fig. 5 . 
EBSD analyses
The EBSD technique allows quantitative analyses of the machined surfaces, providing information with regard to the intensity and depth of the plastic deformation induced by the high-speed turning operations. An example of the EBSD mapping performed on the polished cross-sections is shown in Fig. 6 . An area of 70 × 100 µm, extending from the machined surface to the undeformed bulk material was mapped at a step size of 0.5 µm. The crystallographic orientation of each measured point is indexed by the Kikuchi diffraction pattern, and displayed with different colors in the map, see Fig. 6(a) . In Fig. 6(b) , a low-angle grain boundary is given if the misorientation of a pixel to the neighboring pixel falls in the range of 1º and 10º. It shows evidence of increasing intragranular misorientation in relation to the plastic activities in the surface and sub-surface layers. An increased number of LAGBs, especially for those with a large misorientation angle between 5º and 10º, was observed when moving towards the machined surface. which indicates the increased deformation intensity. It is in accordance with the previous microstructural observations in Section 3.1. For each machined sample, three areas with a similar size as shown in Fig. 6 were mapped in order to provide a statistical analysis. The average LAGB frequency was then plotted as a function of depth, and the curves are presented in Fig. 7 where one can compare the extent to which the surface and subsurface microstructure has been plastically deformed and the depth of the deformed layer, as influenced by using different cutting speeds and tools. Generally, increasing the cutting speed when using the PCBN tools resulted in larger plastic deformation on the machined surface, see Fig. 7(a) , which agrees well with the observed microstructures. However, in the low cutting speed range, the increased cutting speed barely caused an increase of the deformation depth, while as the speed was further increased the deformed layer started to grow in depth, particularly when the cutting speed exceeded 250 m/min.
In the case of using the WC tools, it appears that it is possible to choose the higher cutting speed of 100 m/min without introducing larger and/or deeper plastic deformation in the machined alloy, see Fig. 7(b) . However, the increased cutting speed has a detrimental effect on the surface residual stresses, and it will be detailed in the next section. With regard to the effect of cutting tool, as compared in Fig. 7(c) , the PCBN tools induced a comparable level of plastic deformation on the machined surface despite higher cutting speeds applied at 200 and 250 m/min. Fig. 7 . Plotting of LAGB frequency as a function of depth which shows the effect of cutting speed on the machining-induced plastic deformation whe n using (a) PCBN tools and (b) WC tools. A comparison of cutting tool is give n in (c). Constant feed rate and depth of cut at f= 0.2 mm/rev and a p = 0.25 mm.
Residual stress measurements
A summary of the surface residual stresses generated during the high-speed turning operations is presented in Fig. 8 . Tensile residual stresses were developed at all machined surfaces. The PCBN inserts produced a higher surface tensile residual stress in FD compared with that in CD, whereas it apparently showed an opposite result of measurement on the WC-machined samples. It indicates that the surface deformation behavior was strongly affected when turning with different cutting tools. There is a general tendency of higher surface tension and less difference in magnitude for the measured residual stresses in CD and FD with increasing cutting speed regardless of using the PCBN or WC tools. This can be mainly explained by the associated temperature rise at the cutting tool/workpiece interface, and therefore, the thermally-induced residual stresses gradually became dominant, which are prone to be tensile and isotropic [15] . The comparison also revealed that the effect of cutting tool was not significant on the surface residual stress in CD unless the highest cutting speed of 300 m/min was chosen when using the PCBN tools. However, the residual stress in FD is much more tensile at the PCBN-machined surfaces in comparison with that created at the WC-machined surfaces. Residual stress depth profiles were measured on the samples prepared by the PCBN tools at 250 m/min and WC tools at 80 m/min, see Fig. 9 . For both two samples, a layer with high tension was developed, and the residual stress in CD is generally more tensile, a shift of the depth profile towards the tensile regime can be seen, and deeper than that in FD beneath the machined surface. The tensile layer extends to a depth of approximately15 μm in FD, while the depth is doubled, up to 30 μm in CD, which is slightly smaller but close to the depth of the deformed layer. Although a higher cutting temperature can be expected, the PCBN tools generated a similar degree and distribution of tensile residual stresses with increasing depth in CD compared with that produced by the WC tools. However, an extremely high tensile residual stress, above1800 MPa, was developed in FD at the machined surface with a steep stress gradient beneath when turning with the PCBN tools, which differs from that observed on the WC-machined surface. It could be possibly explained by the difference of the cutting edge microgeometry or by different tool wear mechanisms, which is of great interest for future studies.
Given by the characterized microstructure and measured residual stresses, within the recommended cutting speed range of 200-250 m/min, the PCBN tools exhibited advances in high-speed turning of AD730™ compared to the traditional WC tools as they enhanced the machining efficiency to a large extent and introduced comparable surface integrity in terms of the machining-induced plastic deformation and residual stresses. In addition, the PCBN tools produced slightly lower surface roughness within the cutting speed ranges been tested, which was not detailed in this paper. However, it resulted in greatly higher tension in the surface and near-surface regions along the feed direction. Nevertheless, surface modification by means of e.g., shot peening, might be necessary on high-speed machined AD730™ no matter one uses PCBN or WC tools since the large tensile residual stresses could bring high risk of fatigue failure when subjected to cyclic loads. 
Conclusions
In this paper, the surface integrity of high-speed turned AD730™ was evaluated with a focus on the machininginduced plastic deformation and residual stresses. The effect of cutting speed was investigated and different types of cutting tools were compared. Based on the results and discussion, the following conclusions can be drawn:
When high-speed turning AD730™ with the PCBN tools, increasing the cutting speed generally led to larger surface and sub-surface plastic deformation and development of higher surface tensile residual stresses. A cutting speed in the range of 200-250 m/min seems to be preferable since it gives rise to a good combination of machining efficiency and surface integrity. Turning at 300 m/min resulted in severe plastic deformation and a noticeable increase of the deformation depth. Moreover, a continuous white layer was formed on the machined surface.
No significant effect on the machining-induced plastic deformation was found with the increased cutting speed from 80 m/min to 100 m/min when using the WC tools, while it produced a higher level of surface tension at 100 m/min. It can be clearly seen from the comparison that the PCBN tools perform better than the WC tools when turning the alloy AD730™ since it can greatly increase the cutting speed without largely compromising the surface integrity achieved. However, the present study shows a high tendency of forming tensile residual stresses on machined AD730™ despite the cutting tool and speed applied. The tensile layer is concerned if high fatigue resistance is critical.
